Studies of phage in vivo have indicated that its own recombination enzymes, ␤ protein and exonuclease, are capable of catalyzing two dissimilar pathways of homologous recombination that are widely distributed in nature: single-strand annealing and strand invasion. The former is an enzymatic splicing of overlapping ends of broken homologous DNA molecules, whereas the latter is characterized by the formation of a three-stranded synaptic intermediate and subsequent strand exchange. Previous studies in vitro have shown that ␤ protein has annealing activity, and that exonuclease, acting on branched substrates, can produce a perfect splice that requires only ligation for completion. The present study shows that ␤ protein can initiate strand invasion in vitro, as evidenced both by the formation of displacement loops (D-loops) in superhelical DNA and by strand exchange between colinear single-stranded and double-stranded molecules. Thus, ␤ protein can catalyze steps that are central to both strand annealing and strand invasion pathways of recombination. These observations add ␤ protein to a set of diverse proteins that appear to promote recognition of homology by a unitary mechanism governed by the intrinsic dynamic properties of base pairs in DNA.
S
ingle-strand annealing'' and ''strand invasion'' are common terms for two molecular paradigms or pathways of homologous recombination that mediate double-strand break repair and are widely distributed in nature (Fig. 1) . Bacteriophage encodes its own relatively simple recombination system, called ''Red,'' which comprises three proteins, including an exonuclease that processively degrades single-stranded DNA in the 5Ј-to-3Ј direction (1) and an associated protein, ␤, that can anneal complementary single strands (2, 3) . Under various circumstances, these enzymes promote recombination through either single-strand annealing or strand invasion. Recombination of phage has been studied extensively as a model system (4) , and, more recently, the activities of the enzymes in vivo have been used as potent tools in bioengineering (5) .
In normal genetic crosses, recombination of phage is almost entirely independent of the host's RecA protein and occurs largely by single-strand annealing, a pathway for which replication produces suitable substrates, including overlapping doublestrand ends (Fig. 1 A) and possibly single-strand gaps located at replication forks. When replication is restricted, however, recombination mediated by Red proteins is dependent on RecA and occurs largely by single-strand invasion (Fig. 1B) unless two nonallelic double-strand breaks are introduced ( Fig. 1 A) , which alleviates the need for RecA and favors single-strand annealing (4, 6) . Under other experimental conditions, when the Red system must pair a double-stranded end with intact duplex DNA, RecA is required, and recombination is thought to occur by strand invasion (4, 5, 7, 8) .
In bioengineering experiments, the incorporation of singlestranded DNA can be accomplished by ␤ protein without the need for either exonuclease or Escherichia coli RecA protein (9) . In that circumstance, some genetic alterations are best explained by single-strand annealing, whereas others are more readily explained by strand invasion (5).
In addition to its annealing activity in vitro, ␤ protein has been shown to promote strand exchange in a branched oligonucleotide substrate (10) . The activities of the two proteins, exonuclease and ␤, plus DNA ligase, can account for a version of singlestrand annealing in which two overlapping double-stranded ends can be perfectly spliced to produce intact DNA (Fig. 1 ). In the splicing reaction simulated in vitro, exonuclease plays two roles: (i) it resects the overlapping double-stranded ends to produce complementary single strands, and (ii) it perfectly trims the product of annealing so that excess 3Ј single-stranded branches are assimilated into duplex DNA (11, 12) . The ␤ protein also may play two roles in splicing DNA molecules. The annealing activity of ␤ protein can join the complementary single strands made by exonuclease, and the strand-exchange activity (10) of ␤ protein may drive a concerted reaction by which 5Ј ends are presented to exonuclease for degradation, whereas 3Ј ends are concomitantly assimilated (see Fig. 1 ).
As indicated in this brief review, previous biochemical studies on ␤ protein can readily be related to single-strand annealing but not to strand invasion, which, however, also has been implicated in recombination mediated by the Red system. In this report, we show that ␤ protein can initiate strand invasion in vitro through the formation of displacement loops (D-loops) in superhelical DNA or by strand exchange between colinear singlestranded and double-stranded molecules.
Materials and Methods
DNA Substrates. The sequences of 83-mer single-stranded oligonucleotides G16(Ϫ), G26(Ϫ), and G37(Ϫ) were described in ref. 13 . The numbers in each name refer to the percent GϩC content, and the complementary strands are denoted as G26(ϩ), etc. Concentrations of DNA are expressed as moles of nucleotides for single strands or moles of base pairs for duplex DNA. Oligonucleotide EG673 was derived from G16(Ϫ) by introducing 10 A͞T transversions whose locations are underlined in the following sequence: AAATGAACATAAAGTAAATAAGT-ATA AGGTAA ATACTA A ATA AGAA A ATGAATA A A-CTTAGTAAATAAAGAAAAGGTAATAAA.
Plasmids pEG47, pEG61, and pEG177 were made by inserting G16(ϩ)⅐G16(Ϫ), G37(ϩ)⅐G37(Ϫ), and G26(ϩ)⅐G26(Ϫ) duplexes, respectively, into 2.8-kb plasmid pIBI30 (International Biotechnologies). Plasmids pEG47, pEG61, and pEG177 were isolated by using a plasmid purification kit (Qiagen, Chatsworth, CA). Covalently closed supercoiled plasmid pEG47 also was isolated by equilibrium centrifugation in CsCl͞ethidium bromide gradients (14) . There was no detectable difference in the efficiency of D-loop formation supported by these two preparations of substrates; nonetheless, plasmid pEG47 that was isolated from CsCl͞ethidium bromide gradients was used for all experiments except those shown in Fig. 5 .
Plasmid pEG47 has a single recognition site for endonuclease HindIII, which was used to linearize the plasmid.
Purification of ␤ Protein. The whole coding sequence of ␤ protein was amplified by PCR from phage DNA. The resulting DNA fragment was inserted into expression vector pQE-80L (Qiagen) in frame with a 5Ј-end sequence coding six histidine residues that function as a metal-binding domain in the translated fusion protein. The resulting plasmid pEG185 was introduced into E. coli DH10B (BRL). Synthesis of the fusion protein, which is under control of the T5 phage promoter, can be induced by isopropyl ␤-D-thiogalactoside (IPTG). For isolation of ␤ protein, E. coli DH10B͞pEG185 cells were grown at 37°C in tryptone broth medium (14) containing 100 g͞ml ampicillin. When the OD 600 of the culture reached 1.5, the production of ␤ protein was induced by addition of 1 mM IPTG. Cells were harvested 2.5 h later and lysed by lysozyme treatment, followed by sonication. ␤ protein was purified by nickel-chelate affinity chromatography on Ni-NTA resin (Qiagen) as recommended by the manufacturer. His-tagged ␤ protein, eluted from the Ni-NTA column by 250 mM imidazole, was passed through gel filtration column PD-10 (Bio-Rad), preequilibrated with buffer B (1 mM EDTA͞1 mM 2-mercaptoethanol͞10% glycerol͞20 mM potassium phosphate buffer, pH 7.2). The protein was further purified by hydroxyapatite chromatography by using a gradient of 20-200 mM potassium phosphate. The purified protein consisted of a single species as judged by gel electrophoresis. No degradation of [ 32 P]G16(Ϫ) or [ 32 P]G16(Ϫ)⅐G16(ϩ) was observed by polyacrylamide gel electrophoresis after 30 min of incubation with 3 M ␤ protein in buffer T (see below). Untagged ␤ protein was isolated as described in ref. 15 . In control experiments, we did not observe a difference between the ability of His 6 -tagged vs. untagged ␤ protein to promote D-loop formation and strand exchange.
Formation of D-Loops. Single-stranded DNA oligonucleotides G16(Ϫ), G26(Ϫ), or G37(Ϫ), 32 P-labeled at the 5Ј end, were incubated at 37°C with ␤ protein in buffer T (20 mM Tris⅐HCl, pH 7.4͞25 mM NaCl͞100 g/ml BSA͞0.5 mM DTT). After 10 min, a plasmid carrying a target sequence homologous to one of the above single-stranded oligonucleotides was added. At intervals, aliquots were taken, and the reaction was stopped by adding 0.3% SDS. Samples were subjected to electrophoresis in a 0.8% agarose gel in TBE buffer (14) . The gel was dried, and reaction products were quantitated on a PhosphorImager (Molecular Dynamics).
Strand Exchange. Oligonucleotide G16(Ϫ) or oligonucleotide EG673 (see above) was incubated with ␤ protein at 37°C in buffer T (see above) plus 2 mM MgCl 2 . After 10 min, duplex DNA, [5Ј-32 P]G16(Ϫ)⅐G16(ϩ) was added, and after further incubation at 37°C for 40 min, strand exchange was stopped by adding 0.3% SDS. Samples were subjected to electrophoresis in a nondenaturing 12% polyacrylamide gel.
Strand exchange mediated by recA protein was carried out by incubation of oligonucleotide G16(Ϫ) with recA protein at 37°C in a buffer consisting of 25 mM Hepes (pH 7.4), 1 mM MgCl 2, 1 mM DTT, 1 mM ATP, and 100 g͞ml BSA. After 10 min, the concentration of MgCl 2 was increased to 10 mM, and duplex oligonucleotide [5Ј-32 P]G16(Ϫ)⅐G16(ϩ) was added. After further incubation at 37°C for 40 min, the reaction was stopped and analyzed as described above.
Results

Formation of D-Loops by ␤ Protein.
To look for the formation of D-loops, we used an AϩT-rich 32 P-labeled oligonucleotide, G16(Ϫ), and superhelical DNA, pEG47, that contained a homologous sequence (Fig. 2) . As seen by gel electrophoresis of deproteinized reaction mixtures, a band that migrated more slowly than the labeled oligonucleotide formed within 1 min and reached a yield of 37% within 60 min. A single cleavage of the superhelical DNA by HindIII before incubation of the complete reaction mixture (lanes 4 and 5) or after the reaction (lane 10) completely eliminated the more slowly migrating band. Both of these observations support the identification of the slowly migrating band with superhelical DNA containing a D-loop. Superhelical DNA, pEG177, which lacked a region homologous to G16(Ϫ), did not support the formation of D-loops (lanes 1-3) . The maximal yield of D-loops occurred at Ϸ1 molecule of ␤ protein per nucleotide residue (Fig. 3) .
Because RecT protein, a functional analog of ␤ protein, is inhibited by Mg 2ϩ (19) , we examined its effect on the formation of D-loops by ␤ protein. As shown in Fig. 4 , concentrations of Mg 2ϩ up to 2 mM did not affect the activity of ␤ protein, but higher concentrations inhibited the reaction. 1-3) , homologous linear duplex DNA (pEG47, predigested by HindIII; lanes 4 and 5), and homologous superhelical DNA (pEG47; lanes 6 -10) was 0.15 mM. These concentrations of DNA correspond to a slight excess of the singlestranded oligonucleotide with respect to the target site in duplex DNA.
Effect of the Base Composition of Substrates on Formation of D-Loops.
As the GϩC content of substrates was raised from 16% to 37%, the yield of D-loops decreased (Fig. 5) . The yield of D-loops at 30 min was 50% for a substrate with 16% GϩC but only 4% for a substrate with 37% GϩC (Fig. 5) . No D-loops were detected when ␤ protein was omitted or when the single-stranded and duplex substrates were heterologous.
Strand Exchange Promoted by ␤ Protein. We previously observed that ␤ protein promoted strand exchange when the duplex substrate had a single-stranded end that was complementary to the end of a homologous single-stranded substrate. After annealing the two complementary ends, ␤ protein was able to propagate exchange through the rest of the DNA molecule, preferentially in the 5Ј-to-3Ј direction with regard to the singlestranded substrate. Mismatched base pairs were used to block spontaneous branch migration and thus demonstrate the active role of ␤ protein in the exchange.
The newly discovered ability of ␤ protein to form D-loops in superhelical DNA, as described above, led us to examine whether ␤ can promote strand exchange between a fully duplex substrate and a single strand (Fig. 6) . The substrates in the experiment shown were AϩT-rich 83-mer oligonucleotides. As a heterologous or homeologous control, we used the same oligonucleotide with 10 A͞T transversions. At 40 min, 41% of the [ 32 P]G16(Ϫ) strands originally present in the parental duplex substrate, [ 32 P]G16(Ϫ)⅐G16(ϩ), were present as single strands (Fig. 6) , whereas the yield of single strands from the homeologous control was only 4%. For comparison, at 20 min, the yield of single strands from a reaction catalyzed by RecA protein was 75%.
The result just presented could have resulted from bona fide strand exchange or from a previously undetected melting or helicase activity of ␤ protein. To exclude the latter explanation, we incubated ␤ protein with [ 32 P]G16(Ϫ)⅐G16(ϩ) (1.2 M) for 20 min under the standard conditions for strand exchange, after which we added a 7-fold excess of unlabeled G16(Ϫ) (8.5 M) together with stop solution. Had ␤ protein melted [ 32 P]G16(Ϫ)⅐G16(ϩ), the excess of unlabeled G16(Ϫ) strands added with the stop solution should have competitively annealed with G16(ϩ) and produced single-stranded [ 32 P]G16(Ϫ), but no detectable single strands were produced (Fig. 7, lane 3) . We have previously shown that renaturation of G16 strands readily occurs under the conditions of this experiment in the presence of stop solution (20) . Thus, we conclude that ␤ protein, acting on oligonucleotide substrates, promotes bona fide strand exchange.
As expected from the observations on the formation of D-loops, the yield of strand exchange reactions was reduced by a substrate of higher GϩC content (26% GϩC, data not shown).
The time courses of D-loop formation and strand exchange are shown in Fig. 8 . Although the conditions and substrates for the two reactions were not directly comparable, it is of interest to note that the maximum yield of D-loops was reached within a few minutes, whereas strand exchange was an order of magnitude slower, which is consistent with the relative rates of formation of synaptic complexes vs. the completion of strand exchange as measured in stopped-flow experiments on RecA protein (16) .
Discussion
The Red genes of bacteriophage have been implicated biologically in the two universal paradigms of homologous recombination, single-strand annealing and strand invasion (4, 5) . Single-strand annealing is a molecular splice mediated by the annealing of complementary single strands; the most detailed knowledge of its enzymology comes from studies in vitro of exonuclease and ␤ protein (Fig. 1 A) (4) . The concept of strand invasion is more complex. Even in its simplest form, it involves the recognition of homology in duplex DNA by an ''invading'' single strand. The prototype for this reaction was supplied by the discovery that E. coli RecA protein catalyzes the formation of D-loops in superhelical DNA (17) . The nature of that invasion, however, remained unclear until the serendipitous discovery that base composition powerfully affects both invasion and strand exchange (13, 18) . Further exploration led to the conclusion that recognition of homology, involving the invasion of duplex DNA by a single strand, is mediated preferentially by the exchange of A⅐T base pairs (13, 16) . Moreover, a diverse group of proteins, including E. coli proteins RecA and RecT, human proteins Rad51, Dmc1, and Rad52, and yeast Rad52, all promote strand invasion by a related mechanism as indicated by the preferential role of A⅐T base pairs (13, (19) (20) (21) . A recent study provided direct physical evidence that in reactions catalyzed by E. coli RecA protein, the exchange of A⅐T base pairs occurs fast enough to account for strand invasion and for the consequent formation of synaptic complexes containing three strands of DNA that remain together until the rest of the original base pairs undergo exchange (Fig. 1B) (16) .
The present experiments show that the ATP-independent ␤ protein can also promote strand invasion that depends on A⅐T base pairs. This result provides a plausible connection between the biochemical properties of ␤ protein and the observed roles of the recombination enzymes in strand invasion as variously seen in phage recombination and in bioengineering experiments that make use of those enzymes. In addition, similar biological and biochemical roles are played by ␤ protein and RecT protein (19) , which are evolutionarily related (22) . Taken together, the cited experiments make the case that strand invasion and at least the initiation of strand exchange are closely related mechanistically, although a large literature demonstrates that propagation of strand exchange over kilobase distances is mechanistically more complex (23) .
Finally, we return to the observation that the genetically unrelated and structurally diverse proteins cited above can catalyze strand invasion in vitro. This finding, of course, does not mean that all of these proteins play equivalent biological roles but rather suggests that they have the potential to play wider roles than previously supposed. The diversity of proteins that can catalyze strand invasion further suggests that the structure and intrinsic dynamic properties of DNA govern invasion, for which various unrelated proteins can provide catalytic surfaces. The dominant role of DNA structure in strand invasion has been proposed previously on the basis of various observations: on the structure of DNA within RecA and Rad51 filaments (24) , on the topological structure of various nucleoprotein filaments (25) , and on the mechanism of strand invasion (16) . 
